Using a combination of dye adsorption and affinity elution we purified Aspergillus niger citrate synthase to homogeneity using a single column and characterised the enzyme. An A. niger citrate synthase cDNA was isolated by immunological screening and used to clone the corresponding citA gene. The deduced amino acid sequence showed high similarity to other fungal citrate synthases. After processing upon mitochondrial import, the calculated M r of A. niger citrate synthase is 48 501, which agrees well with the estimated molecular mass of the purified protein (48 kDa). In addition to an N-terminal mitochondrial import signal, a peroxisomal target sequence (AKL) was found at the C-terminus of the protein. Whether both signals are functional in vivo is not clear. Strains overexpressing citA were made by transformation and cultured under citric acid-producing conditions. Up to 11-fold overproduction of citrate synthase did not increase the rate of citric acid production by the fungus, suggesting that citrate synthase contributes little to flux control in the pathway involved in citric acid biosynthesis by a non-commercial strain. ß
Introduction
Citrate synthase (CS, E.C. 4.1.3.7) catalyses the condensation of acetyl-CoA with oxaloacetate to form citrate and coenzyme A. Amongst fungi, CS has only been puri¢ed to homogeneity from Saccharomyces cerevisiae [1, 2] . Aspergillus niger CS has been partially puri¢ed and some of its properties determined, revealing characteristics similar to CS from other eukaryotes [3] . In mycelium cultured on glucose or sucrose A. niger CS was shown to be localised in the mitochondria [4] . Genes encoding CS have been cloned from a number of fungi, including S. cerevisiae [5^7], Aspergillus nidulans [8] and Neurospora crassa [9] .
A. niger is able to accumulate a high level of citric acid in the growth medium using sucrose or glucose as a carbon source under speci¢c growth conditions. The metabolic pathway involved in citric acid biosynthesis is well established [10] and includes CS. CS is often considered a`k ey step' in the citric acid cycle, perhaps because it may be regarded as the`¢rst step' of the cycle. Recently, modelling of A. niger carbohydrate metabolism in relation to citric acid production has been reported [11] . With such models in hand £ux control analysis can be performed, thus enabling design of a strategy to improve citric acid biosynthesis by genetic engineering. Because CS is not yet included in the model, the £ux control properties of CS in the citric acid biosynthetic pathway cannot be predicted on the basis of biochemical data. To provide reliable data we puri¢ed and characterised CS from A. niger. Although a mathematical model can be useful, the only way to establish unequivocally the £ux control properties of CS is experimentally. Therefore, we cloned and overexpressed the gene encoding CS and tested the e¡ect of increased CS activity on citric acid production.
Materials and methods

A. niger strains and culture conditions
A. niger N400 (CBS 120.49) was used as the source for puri¢cation of CS. Its derivative NW131 (cspA1 goxC17) [12] was used as a control strain for citric acid fermentations, whereas the uridine-requiring strain NW129 (cspA1 goxC17 pyrA1) [12] was used to obtain multicopy citA transformants. Cultures were inoculated with 10 9 conidiospores l 31 . For puri¢cation of CS A. niger N400 was cultured for 24 h in minimal medium [13] supplemented with 0.01% (v/v) of a trace metal solution [14] , 1% (w/v) sucrose and 0.05% (w/v) yeast extract at 30³C in an orbital shaker at 250 rpm. Citric acid production was analysed in 3-l stirred tank reactors as described previously [12] .
Puri¢cation of citrate synthase and enzyme characterisation
Frozen mycelium was ground and suspended in extraction bu¡er containing 50 mM HEPES pH 7.0, 10 mM KCl and 20% (w/v) glycerol. The homogenate was centrifuged at 15 000Ug for 10 min at 4³C and the resulting supernatant was applied to a Basilen red E-B Sepharose CL-4B column equilibrated with extraction bu¡er. Coupling of dyes to Sepharose CL-4B was described previously [15] . The column was sequentially rinsed with extraction bu¡er; extraction bu¡er containing 0.5 mM oxaloacetate; extraction bu¡er; extraction bu¡er containing 0.1 mM CoA and extraction bu¡er. Finally, CS was eluted with extraction bu¡er containing 0.5 mM oxaloacetate and 0.1 mM CoA. Fractions containing CS activity were dialysed against extraction bu¡er and stored at 370³C.
CS activity was determined at 30³C in 50 mM HEPES pH 7.5 containing 1 mM oxaloacetate, 0.5 mM 5,5P-dithio-bis(2-nitrobenzoic acid) (DTNB) and 0.2 mM acetyl-CoA (412 nm, O = 13.6 mM 31 cm 31 ). When the pH optimum of CS activity was determined and during inhibition studies with CoA a coupled system with malate dehydrogenase was used. The assay mixture contained 100 mM bu¡er, 2 mM L-malate, 0.2 mM 3-acetylpyridine adenine dinucleotide (in the reduced form O = 9.1 mM 31 cm 31 at 360 nm), 0.2 mM acetyl-CoA and 12 U ml 31 malate dehydrogenase. Kinetic investigations were done with 1.2 Wg ml 31 CS. Protein concentration was determined as in [12] . Antibodies against A. niger CS were prepared as described previously [16] . Permeabilisation of cells with cetyltrimethylammonium acetate and subsequent measurement of CS activity was performed as described in [17] .
Molecular biological techniques
For DNA propagation, isolation and manipulation well established techniques were used [18] . A. niger DNA was isolated as described in [19] . Hybridisation of Southern blots was performed at either 65³C (homologous) or 56³C in hybridisation bu¡er containing 0.9 M NaCl, 0.09 M Na 2 citrate, 5UDenhardt's and 0.5% (w/v) SDS, pH 7.0. Washes were performed at the hybridisation temperature to a ¢nal concentration of 0.075 M NaCl, 0.0075 M Na 2 citrate (homologous) or 0.30 M NaCl, 0.030 M Na 2 citrate (heterologous) in the presence of 0.5% (w/v) SDS. Co-transformation of A. niger NW129 was performed as described [20] , using the A. niger pyrA gene [21] as a selective marker. Sequence analysis was done using the PCGENE (Intelligenetics) and GCG (Madison, WI, USA) program packages, the latter at the CAOS/ CAMM service (Nijmegen, The Netherlands).
Analysis of citric acid fermentations
Glucose, citrate and fungal biomass in fermentation broths were determined as described previously [12] . In the same paper preparation of extracts and assays to determine the activities of enzymes relevant to citric acid biosynthesis were described. Extraction and determination of intermediary metabolites were performed as described earlier [12, 22] .
Results and discussion
Puri¢cation and properties of A. niger citrate synthase
Employing a previously developed method to screen large numbers of dye matrices [15] Basilen red E-B Sepharose CL-4B was selected for puri¢cation of CS from sucrose-grown A. niger. Near-quantitative elution of CS from this matrix could be achieved with a combination of 0.5 mM oxaloacetate and 0.5 mM CoA (Table 1) . CS was apparently homogeneous (as judged by SDS-PAGE ; data not shown).
Some properties of CS were investigated, but we did not aim to characterise the enzyme extensively, since some features of a partially puri¢ed preparation of the enzyme have been described previously [3] . From SDS-PAGE a denatured molecular mass of 48 kDa was estimated. A molecular mass of approximately 80 kDa during gel ¢ltra-tion [3] indicates that the native enzyme is a dimer, which ¢ts with the structure of other eukaryotic CS [23] . The optimal pH for CS activity was 8.5. At both lower and higher pH the activity decreased (data not shown). Kinetic characterisation of CS was performed at pH 7.5 (80% of the maximal activity), because the intracellular pH is likely to be lower than 8.5. Hyperbolic kinetics were observed for both oxaloacetate and acetyl-CoA (Fig. 1) . The K m for oxaloacetate was 7 WM (pH 7.5, 0.02 mM acetyl-CoA), whereas the K m for acetyl-CoA was 14 WM (pH 7.5, 0.05 mM oxaloacetate). CoA inhibited CS competitively with respect to acetyl-CoA with an estimated K i of 0.1 mM. CS was stimulated by 10 mM citrate (30 þ 9% increase in activity), but with 2.5 mM citrate no signi¢cant stimulation was observed. The physiological relevance of activation by citrate is unclear, because activation is only evident at a citrate concentration that is higher than found intracellularly (2^3 mM).
The e¡ect of a number of other intermediary metabolites on CS activity (assayed with 0.2 mM oxaloacetate and 0.1 mM acetyl-CoA) was tested. L-Malate, fumarate, 2-ketoglutarate, succinate, pyruvate, glutamate (all acids tested at 10 mM) and AMP, NADH, NADPH, NAD , NADP (all tested at 2 mM) did not a¡ect CS activity. ADP moderately inhibited CS (25% inhibition with 2 mM ADP), but ATP and GTP strongly inhibited the enzyme (70^80% inhibition with 2 mM ATP or GTP). Inhibition of CS by ATP could be partially relieved by addition of Mg 2 , i.e. 40% inhibition was observed with 2 mM MgATP. Using permeabilised A. niger mycelium we observed only 10% inhibition of CS by 2 mM MgATP (0.04 mM oxaloacetate, 0.1 mM acetyl-CoA). This result indicates that the physiological relevance of inhibition of A. niger CS by MgATP is probably small. We have previously reported that the apparent K m of CS for acetylCoA is much higher in permeabilised cells (in situ) than in an extract (in vitro), i.e. 0.21 mM and 0.03 mM respectively [17] . Like in yeast [24] the kinetic properties of A. niger CS in situ and in vitro appear to be di¡erent. Most of the properties of CS reported here are in agreement with the ¢ndings of Kubicek and Ro « hr [3] . An exception is the stimulatory e¡ect of a high concentration of citrate on our enzyme preparation.
Cloning and overexpression of A. niger citA encoding citrate synthase
An A. niger CS cDNA clone was isolated by immunological screening using a rabbit polyclonal antiserum raised against the puri¢ed A. niger CS from a cDNA library of A. niger N400 mycelium induced for glucose oxidase expression in VZAPII [25] . The resulting cDNA was used as a probe to isolate the corresponding genomic clone from the A. niger N400 genomic library in the V replacement vector EMBL4 [26] . A 4.7-kb XbaI fragment containing the functional CS gene was subcloned in pBluescript SK giving pIM055. The citA gene encodes a protein with a calculated M r of 52 052. Sequence analysis of the cloned cDNA established the presence of six introns in the coding sequence. The codon usage shows a strong bias against an adenine in the third position (1.2%), a cytosine being the preferred base (52%) in this position. An N-terminal mitochondrial targeting signal was predicted by the program PSORT using the`MITDISC' method [27] . A possible cleavage site is predicted using the method described in [28] (Fig. 2) . When processed at this cleavage site, the M r of the mature protein is 48 501, which is in good agreement with the estimated molecular mass of the puri¢ed protein. Interestingly, a duplicate peroxisomal target sequence (AKL) was found at the C-terminus of the protein (Fig. 2) . Such a targetting signal is also present in the N. crassa and A. nidulans CS genes. Aspergilli do have the enzymes of the glyoxylate cycle, but it is not known whether they contain a glyoxysomal CS. Yeast possesses three CS isoenzymes, two mitochondrial ones and a peroxisomal one and these are encoded by three di¡erent genes [5^7]. Southern analysis using low Fig. 1 . Double-reciprocal plot of citrate synthase activity versus the concentration of acetyl-CoA and oxaloacetate. Kinetic investigations were performed as described in Section 2. When acetyl-CoA was the variable substrate (a) the oxaloacetate concentration was 0.05 mM, whereas during variation in the oxaloacetate concentration (E) 0.02 mM acetyl-CoA was used. Fig. 2 . Alignment of the N-terminal (A) and C-terminal (B) regions of citrate synthase. Ancit1, A. niger strain WU-2223L citrate synthase (accession number D63376) ; AncitA, A. niger strain N400 citrate synthase (accession number AJ243204); EncitA, Emericella (Aspergillus) nidulans citrate synthase (accession number U89675); Nccit1, Neurospora crassa citrate synthase (accession number M84187). The predicted mitochondrial cleavage site is indicated by a diamond, putative peroxisomal (glyoxysomal) import signals are bold and underlined. stringency indicated that only one CS gene is present in the A. niger genome (data not shown). This is in contrast with the situation in N. crassa where Southern analysis indicates the presence of a second gene [9] . Possibly, both the mitochondrial and the peroxisomal signal sequences in the A. niger citA gene are functional in vivo. Several examples exist in diverse organisms where di¡erently targeted proteins are encoded by one gene (e.g., [29, 30] ). This is most commonly achieved by di¡erential transcription or translation, but also di¡erent splicing of exons occurs. The sequence of A. niger citA appears to have only one inframe translation start, indicating that such a mechanism is unlikely. Another option would be that both signals on the protein are functional as found for human hydroxymethylglutaryl-CoA lyase [29] .
A putative CS cDNA from A. niger strain WU 2223L was cloned previously by Kirimura et al. (EMBL accession number D63376). A signi¢cant number of di¡erences (29) were found when comparing the overlapping regions of A. niger WU2223L cit1 and A. niger N400 citA, although the deduced protein sequences are almost identical. The major di¡erence is found at the C-terminal end of the proteins. A single base pair deletion in the A. niger WU2223L sequence compared to the A. niger N400 sequence results in the absence of the putative peroxisomal target sequence in A. niger WU2223L (Fig. 2) .
By co-transformation of strain NW129 with plasmids pIM055 (A. niger citA) and pGW635 (A. niger pyrA) transformants with a 2^12-fold increased CS activity (compared to wild-type strain NW131) were obtained. Together with the sequence data this proves the identity and functionality of the cloned gene.
Citric acid production by A. niger transformants overproducing citrate synthase
A. niger wild-type strain NW131 and citA multi-copy transformants 55-13 and 55-14 were cultured under citric acid-producing conditions to examine the e¡ect of CS overproduction on the rate of citric acid production. CS activity in strains 55-13 (2.3 þ 0.4 U mg 31 ) and 55-14 (6.4 þ 1.0 U mg 31 ) was approximately 4-and 11-fold the level found in NW131 (0.59 þ 0.07 U mg 31 ) grown under the same conditions. It appeared that the kinetics of citric acid production of both citA transformants was comparable to NW131 early in the fermentation, but after 3 days of fermentation the production rate of the transformants was lower than that of the wild-type (Fig. 3) . After a week of culturing the amount of citric acid produced by the transformants was approximately 10% lower than observed for the wild-type. Consumption of glucose was similar for the three strains (Fig. 3) . Biomass levels for the transformants were somewhat lower compared to the wildtype strain throughout the fermentation, i.e. about 5% for 55-13 and 10% for 55-14 (Fig. 3) . This observation is consistent with the lower production rate. The values for g citric acid produced per g biomass were comparable, i.e. after 7 days of fermentation 4.1 g g 31 for NW131 and 3.9 g g 31 in the case of the transformants. In NW131 CS contributes about 0.7% of the soluble cellular protein (CS activity in extract is 0.59 U mg 31 and speci¢c activity of puri¢ed CS is 79 U mg 31 ). Similarly, in transformant 55-14 the content of CS would be 8%. This may be su¤-ciently high to give negative e¡ects on cellular physiology and account for the lower biomass yield and rate of citric acid production seen in the overproducing transformants. The increased copy number of citA and the resulting overproduction of CS might a¡ect the expression of other genes. However, no signi¢cant changes were observed in the activity of other enzymes relevant to citric acid biosynthesis, i.e. glycolytic enzymes, pyruvate carboxylase, malate dehydrogenase and pyruvate dehydrogenase (data not shown). Furthermore, overproduction of CS did not result in signi¢cant changes in the levels of the intermediary metabolites tested (two-tailed Student's t-test with P 6 0.05). From the most relevant metabolites, i.e. substrates, products and possible e¡ectors of CS, we have measured the levels of oxaloacetate, L-malate, citrate and ATP (Table 2) . Citrate levels could only be determined accurately early in the fermentation, i.e. in mycelium cultured for 24 h. Later in the fermentations a high concentration of extracellular citrate interfered with measurement of intracellular citrate. Intracellular citrate levels were similar in the three strains. Oxaloacetate was always below the detection level (2^3 WM [22] ). If the malate dehydrogenase reaction is assumed to be in equilibrium, dramatic changes in the oxaloacetate level could show up in changes in the level of L-malate. However, L-malate levels were not altered markedly upon overproduction of CS.
Our results suggest that CS does not contribute much to £ux control in the pathway involved in citric acid biosynthesis. It appears that the rate of citric acid production by A. niger cannot easily be increased by overproduction of pathway enzymes, at least with the enzymes tested so far [12] . A systematic approach, in which enzyme data are used to construct a comprehensive mathematical model, will in the future enable prediction of the steps to modify by metabolic engineering in order to increase the production rate.
